unsaturated hydraulic conductivity, K, expressed as a function of the soil water content, , or the soil water (Haines, 1930; Staple, 1969; Kool and Parker, 1987; nature of ␣ is proposed and tested. The hysteretic change in ␣ can Jaynes, 1992 (1994) compared different under constant-flux boundary conditions in unsatmodels of hysteresis using 10 measured scanning curves urated soils is fundamental to understanding water baland concluded that the best models were the conceptual ance, irrigation, movement of chemicals and, more genmodels needing two branches for calibration. Simulation erally, transport processes occurring in surface soils. studies carried out by Jaynes (1985, 1992) have shown Analytical solutions of Richards' equation for constantthat none of the models were consistently better than the flux water infiltration into homogeneous soil profiles others. Numerical simulations of flow during transient have been developed using integral procedures (Parinfiltration and redistribution using a variety of hysterelange, 1972; Philip and Knight, 1974; White et al., 1979), sis models did not differ greatly and agreed reasonably Kirchhoff, Hopf-Cole and Storm transforms (Broadwell with experimental water distribution, even when brodge and White, 1988; Warrick et al., 1990 Warrick et al., , 1991 , the scanning curves were not described very accurately and reciprocal Bä cklund transform (Sander et al., 1988 , (Kool and Parker, 1987 Barry and Sander, 1991) . Parkin et al. (1992 Parkin et al. ( , 1995 Unfortunately, all the models, empirical or theoretipresented analytical solutions for water storage to a cal, do not allow exact unified analytical solutions of fixed depth based on solutions of Broadbridge and infiltration and drainage, even though the hydraulic White (1988) and Warrick et al. (1990). These analytical models of Broadbridge and White (1988) and Sander solutions are useful for assessing the accuracy of numeriet al. (1988) allow exact solution independently for infilcal models and to estimate soil hydraulic properties by tration and drainage. As a result, completely different inverse procedures (Si et al., 1999). Analytical solutions sets of parameters have to be used for infiltration and can also be used to test various inverse techniques for drainage. This greatly inhibits the use of the analytical uniqueness and identifiability of various hydraulic pasolution and our understanding of the role of hysteresis rameters of interest. The model results of Parkin et al. in the application of infiltration and drainage. In this (1992, 1995) can be used directly to interpret time dopaper, we present a model of hysteresis that connects main reflectometry (TDR) measurements.
of data, such as the main wetting and drying hysteresis curves. The models of Parlange (1976) and Mualem (1984) need only one branch of the loop to predict all A quantitative description of water infiltration scanning curves. Viaene et al. (1994) compared different under constant-flux boundary conditions in unsatmodels of hysteresis using 10 measured scanning curves urated soils is fundamental to understanding water baland concluded that the best models were the conceptual ance, irrigation, movement of chemicals and, more genmodels needing two branches for calibration. Simulation erally, transport processes occurring in surface soils. studies carried out by Jaynes (1985 Jaynes ( , 1992 have shown Analytical solutions of Richards' equation for constantthat none of the models were consistently better than the flux water infiltration into homogeneous soil profiles others. Numerical simulations of flow during transient have been developed using integral procedures (Parinfiltration and redistribution using a variety of hysterelange, 1972; Philip and Knight, 1974; White et al., 1979) , sis models did not differ greatly and agreed reasonably Kirchhoff, Hopf-Cole and Storm transforms (Broadwell with experimental water distribution, even when brodge and White, 1988; Warrick et al., 1990 Warrick et al., , 1991 , the scanning curves were not described very accurately and reciprocal Bä cklund transform (Sander et al., 1988, (Kool and Parker, 1987) . 1991; Barry and Sander, 1991) . Parkin et al. (1992 Parkin et al. ( , 1995 Unfortunately, all the models, empirical or theoretipresented analytical solutions for water storage to a cal, do not allow exact unified analytical solutions of fixed depth based on solutions of Broadbridge and infiltration and drainage, even though the hydraulic White (1988) and Warrick et al. (1990) . These analytical models of Broadbridge and White (1988) and Sander solutions are useful for assessing the accuracy of numeriet al. (1988) allow exact solution independently for infilcal models and to estimate soil hydraulic properties by tration and drainage. As a result, completely different inverse procedures (Si et al., 1999) . Analytical solutions sets of parameters have to be used for infiltration and can also be used to test various inverse techniques for drainage. This greatly inhibits the use of the analytical uniqueness and identifiability of various hydraulic pasolution and our understanding of the role of hysteresis rameters of interest. The model results of Parkin et al. in the application of infiltration and drainage. In this (1992, 1995) can be used directly to interpret time dopaper, we present a model of hysteresis that connects main reflectometry (TDR) measurements.
the analytical solution of infiltration with that of drainTo quantitatively predict the movement of water age, thus allowing a unified solution of both drainage through variably saturated soils, detailed knowledge of and infiltration. We apply the model to field-measured the hydraulic properties of the soil are needed. The water storage during infiltration and drainage. To test the approach, the hydraulic parameters estimated from 
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infiltration are used to predicted measured soil water
By changing the variable of integration, Parkin et al. (1992 , THEORY 1995 obtained an analytical solution for water storage to Broadbridge and White (1988) and Sander et al. (1988) depth L for constant-flux infiltration and drainage: independently developed an analytical solution for constant flux infiltration. The Broadbridge and White solution is based
on the following parameterization of hydraulic conductivity, K(⌰), and diffusivity, D(⌰), functions: where ␣ is hysteretic; (L,t ) and u(,t ), as functions of ␣, are also hysteretic. In addition, this equation only applies to flow
under uniform initial conditions.
Hysteresis Models
Haines' Jump Hysteresis Model where ⌬ ϭ s Ϫ r and ⌰ ϭ ( Ϫ r )/⌬. s is the saturated Hysteresis is caused by a change of energy status of water water content and r is the residual water content. K s , ␣, and when a wetting process is switched to a drying process or vice C are, respectively, the saturated hydraulic conductivity, the versa. The change in energy status can be measured by a inverse capillary length scale (Philip, 1985) , and a constant change in . We assume that the change of is abrupt when introduced by Broadbridge and White. By definition, the process is switched (i.e, a Haines' Jump, Miller and Miller, 1956) . Thus, the scale of the change of capillary pressure is
modeled by adding a constant change to the macroscopic inverse capillary length scale, ␣. So if we assume that the Thus, change of energy status is immediate and abrupt, then the ␣ value must jump to another value immediately after the pro- 
, which changes depending on the process (drainage, infiltration). This approach is conceptually consistent with the notion of a change in effective pore size associated with the where 0 is an integration constant. Following Broadbridge reversal of the flow process (wetting, drying) and the use of ␣ and White, we set 0 ϭ 0.
as an integrated macroscopic effective capillary length (Philip, The nonlinear Richards' equation can be used to describe 1985; Miller and Miller, 1956 ). one-dimensional non-hysteretic flow in ideal, homogeneous, It is possible to equate our proposed Haines' Jump apisotropic, rigid soils: proach to any model of hysteresis such as the Parlange (1976) model, at least at an integral scale. An analogy is the Green-
Ampt integral approximation of the K() and () curves. Studies have indicated K() is non-hysteretic. The parameters where, t is time, z is the vertical space coordinate, is the volume K s and C determine the shape of K(), and K s is by definition water content, and D() is the water content-dependent soil non-hysteretic. Thus, if K() is assumed to be non-hysteretic, water diffusivity. the parameter C must be non-hysteretic. According to Eq.
[5], The initial and boundary conditions considered here are assuming no hysteresis of C, the value of the effective inverse macroscopic capillary length scale for drainage (␣ d ) and infil-
where R ϭ water-application rate (R Յ K s 
and It follows that an average effective ␣ for any drainage scanning curve, ␣* d , in terms of an effective ␣ for infiltration, ␣ w ,
can be given by
where is a parameter connecting Eq.
[9] and [10] , u(,t ) is given by Eq.
[43] of Broadbridge and White, and where ⌰ f is the reduced water content at the reversal point.
First-Order Error Analysis
Thus, the value of ␣* d can be predicted a priori for each initial The need to account for hysteresis in hydraulic parameter condition, if ␣ w is known (or vice versa). The Haines' Jump estimations can be checked by comparing measured water in energy status is given by (␣
storage during drainage with the water storage during drainage can be used with any other existing hysteresis model to estithat was predicted using parameters (with uncertainty) obmate a priori the effective Haines' Jump. Two examples, which tained from infiltration experiments. Including the effect of are subsequently discussed, are models by Parlange (1976) uncertainty in the parameters on the estimated soil water and Mualem (1984) . Some hysteresis models may not be comstorage allows a confidence interval to be placed on predicted patible with this approach. For example, the Scott et al. (1983) water storage. If measured water storage during drainage is model results in a Haines' Jump that is not reversible (Kool outside of the 95% confidence interval of predictions, then and Parker, 1987). That is, an instantaneous switch from drying the discrepancy cannot be related to uncertainty in parameters to wetting and then back to drying would not leave the value estimated from infiltration. Thus, the discrepancy is likely of ␣ d the same. Direct application of hysteresis models such from a change in parameters due to hysteresis. as Parlange (1976) and Mualem (1984) 
applied to the Broadbridge and White (1988) 
draining or the whole profile is wetting. Similarly, taking the expectation of
The drying and wetting scanning curves can be related by
where Cov(u i ,u j ) is the covariance between u i and u j . This covariance matrix is usually given by most curve-fitting and where subscripts d and w refer to drying and wetting and inverse procedures. For the linear dependence of ƒ(u ) upon subscript i designates the point on the wetting curve where u, Eq.
[18] and [19] are exact. For the nonlinear relationship, the drying curve is starting. Thus, knowing one scanning curve Eq.
[18] and [19] are good approximations, provided the coeffi-( d or w ), the other can be calculated. Comparison with expericients of variation of u are small. This first-order analysis ments shows that if the shape of the drying scanning curves provides a way to evaluate the effect of uncertainty in the varies smoothly, then the drying boundary of the loop is suffiparameters on the function ƒ(u ). The derivatives in Eq.
[19] cient to predict all scanning curves (Parlange, 1976) .
were calculated numerically using the software package MathThe Parlange (1976) hysteresis model has no additional cad Version 6 (MathSoft, 1995). The estimated parameter parameter and gives an a priori prediction of the () drying vector ū and the Cov(u i ,u j ) of hydraulic parameters were esticurve from () wetting curve. Unfortunately, the () wetting mated from measured hydraulic conductivity, K, and pressure curve now has a form that does not lend itself to an analytical head, , as a function of water content during a series of solution of Richards' equation. However, the functional relainfiltration experiments (Si et al., 1999) . 
Mualem Universal Model
Assuming the distribution functions of water in the pore
MATERIALS AND METHODS
domains for drying and wetting are the same for the indepenField Experiments dent domain model, Mualem (1984) presented a universal relationship between the two main curves:
Field infiltration experiments were conducted at the Canadian Forces Base Borden, Ontario, Canada, and have been
described in detail by Si et al. (1999) . Extensive hydrogeological research, including a large-scale, natural-gradient tracer where i is the value of pressure head for the starting point test and a forced-gradient test, has been conducted by the of drainage. The predicted drying curve is the lower boundary University of Waterloo on this site (Sudicky, 1986) . Water of the hysteresis domain. For field soil, there may be less pore was applied to an instrumented transect (7.5 m long) inside water blockage against air entry, since there is usually a wella greenhouse using a hanging track and nozzle system. Multideveloped structure and a wide range of pore size. In a manner purpose TDR probes were installed every 0.15 m at each of similar to the Parlange (1976) Six different water-application rates were used. Soil water content was measured using the TDR method of Topp et al. (1980) . The readings were taken manually from the display screen of two precalibrated Tektronix 1502 C metallic cable testers (Tektronix, Wilsonville, OR) by four operators. The readings were taken just before starting the water application and every 5 to 30 min depending on the infiltration rate and the rate of change in , for all 200 multipurpose TDR probes. Here, we use the site average of the 50 probes at a 0.2-m depth as an illustration. At the end of each infiltration rate (i.e., after steady-state water content was established in the soil profile), the water application was stopped and the soil allowed to drain. Soil water content measurements were taken every hour for the initial rapid-drainage phase (10 h) and then taken approximately every 10 h until the soil had drained for 100 h.
A single set of hydraulic parameters with their uncertainty were obtained independently from the infiltration measurements (Si et al., 1999) . Since hysteresis in the K() function is assumed to be negligible, the values of K s and C from the infiltration data were used as known values to estimate a new value of ␣ for each drainage event (i.e., ␣ d ). The value of ␣ d was obtained using the unified solution (Eq. [12]), inverse procedures, and measurements of soil water storage during drainage. The need to incorporate hysteresis was examined by comparing predicted and measured soil water storage during the drainage and from the change in estimated ␣ using infiltration vs. drainage data. The comparison involves an envelope of the uncertainty of water storage introduced by the uncertainty associated with the input parameters and general TDR measurement error (see discussion of Eq. [18]). Finally, models of Parlange (1976) and Mualem (1984) as examples.
(most likely hysteresis). The root mean square error (RMS) of prediction for depth-averaged soil water con-
RESULTS AND DISCUSSION
tent was 0.031, 0.014, and 0.015 for i ϭ 0.38, 0.31, and Table 1 gives the hydraulic parameters and their cor-0.27, respectively. This error is greater than or equal to relation matrix estimated from measured K() and () the average estimated TDR error for absolute soil water during the infiltration phase of the experiment (Si et content (0.013, Topp et al., 1980) . Relative measurement al., 1999) . Figure 1 shows the measured water storage error using TDR, as would be relevant here, would be (0-0.2 m) during drainage for three initial conditions significantly lower. This also suggests that TDR mea-( i ϭ 0.38, 0.31, and 0.27) and the water storage presurement error cannot account for the discrepancy. In dicted by directly substituting the hydraulic parameters combination, the parameter uncertainty error and TDR for infiltration (Table 1) into Eq. [12] . For the wetter initial conditions ( i ϭ 0.38), the prediction using infiltration parameters underestimates measured water storage during drainage. At the driest initial condition, the measured and predicted values are similar. At i ϭ 0.38, the measured values exceed the upper 95% prediction limits based on parameter uncertainty (from the firstorder perturbation approximation). This suggests the differences are from a change in hydraulic parameters Parlange (1976) model at high soil water content and underestimates at low soil water conthan the value obtained for infiltration (␣ ϭ 9.8 m Ϫ1 ) and exceed the lower 95% confidence interval of ␣ ϭ tent. However, at the integral scale the curves are identical, as expected from Eq. [14]. 9.8 m Ϫ1 for infiltration (Table 1) . The ␣ d values also depend on the initial condition. This again suggests that
The water storage values (during drainage) as predicted from the Haines' Jump hysteresis model using the discrepancy in predicted soil water storage (Fig. 1) is from hysteresis, and that the ␣ parameter is hysteretic.
␣ Figure 2 shows the predicted water storage curves using the best-fit ␣ d value for each of the three initial a slight consistent underestimation of water storage occurs (Fig. 4) . The calculated RMS values of depth-averconditions. The agreement with measured water storage is quite good for all times. The calculated RMSs for aged water content are 0.012, 0.006, and 0.008 m 3 m
Ϫ3
for 0 ϭ 0.38, 0.31, and 0.27 m 3 m
, respectively. The depth-averaged water content (W/L) were 0.0087, 0.006, and 0.006 for 0 ϭ 0.38, 0.31, and 0.27, respectively; RMS values are all lower than TDR measurement error, significantly lower than RMS using ␣ I ϭ 9.8 m
Ϫ1
, and these values are substantially less than the expected measurement error (0.013 m 3 m Ϫ3 ) of TDR (Topp et only slightly higher than the RMS using ␣ d from the bestfit inverse procedures. The calculation of the confidence al., 1980) and much lower than the RMS using ␣ w for infiltration.
interval for the predicted water storage in Fig. 4 is complicated because the estimation error for ␣* d is generally For initial conditions i ϭ 0.38, 0.31, and 0.27 (with ␣ w ϭ 9.8 m
), the values of effective ␣* d (predicted using unknown. However, if we assume no error is introduced when matching the Parlange predicted curve with the Eq. [14] and the Parlange [1976] hysteresis model) are Haines' Jump model, we are assuming ␣ d has perfect A method of a priori estimating the hysteretic nature of ␣ was proposed. The method was tested using hystercorrelation with ␣ w . Since the area under () is proportional to 1/␣, the relationship between ␣ d and ␣ w is linear.
etic models proposed by Parlange (1976) and Mualem Thus, the estimated variance of ␣ d can be approximated (1984) . The predicted hysteresis in ␣ was similar to that by the variance of ␣ w divided by (␣ w /␣* d ) 2 , since the obtained from best-fit inverse procedures applied indecorrelation matrix would be the same as in Table 1 (due  pendently to enhanced sorption and attenuated movement of organic pollutants in soil (Boyd et al., 1988a; Lee et al., 1989) . Hydrotalcites (HT) are synthetic layered double hydroxides that can be considered anti-types of 2:1 phyllo-C ontamination of soil and water environments with silicates. They consist of brucite layers with Al-for-Mg organic compounds, specifically pesticides, has besubstitution [(Mg 1Ϫx Al x (OH) 2 ) xϩ ], which imparts a posicome a national issue. The need to protect and restore tive layer charge that is compensated with interlayer contaminated soils and aquifers is stimulating research hydrated anions. These interlayer anions can be exto look for suitable materials to be used as sorbents, changed and, hence, HT has been shown to be a good containment barriers, and pollutant stabilizers (Jaynes sorbent for anionic organic contaminants (Hermosín et and Vance, 1996; Xu et al., 1997) . Different sorbent al., 1997) . The inorganic hydrated anions of HT can materials are also being proposed for controlled release also be exchanged with large organic anions rendering formulations to minimize the impact of pesticides in the organohydrotalcites (Meyn et al., 1990; Clearfield et al., environment (Darvari and Hasirci, 1996; Ferná ndez-1991; Zhao and Vance, 1997) . Because of their similarity Pé rez et al., 1998) .
to clays, hydrotalcites exchanged with large organic Natural clays, particularly 2:1-type phyllosilicates, anions or organohydrotalcites are also potential sorbents for hydrophobic organic compounds (Pavlovic et
